† Background Photosynthetic electron transport is performed by a chain of redox components that are electrochemically connected in series. Its efficiency depends on the balanced action of the photosystems and on the interaction with the dark reaction. Plants are sessile and cannot escape from environmental conditions such as fluctuating illumination, limitation of CO 2 fixation by low temperatures, salinity, or low nutrient or water availability, which disturb the homeostasis of the photosynthetic process. Photosynthetic organisms, therefore, have developed various molecular acclimation mechanisms that maintain or restore photosynthetic efficiency under adverse conditions and counteract abiotic stresses. Recent studies indicate that redox signals from photosynthetic electron transport and reactive oxygen species (ROS) or ROS-scavenging molecules play a central role in the regulation of acclimation and stress responses. † Scope The underlying signalling network of photosynthetic redox control is largely unknown, but it is already apparent that gene regulation by redox signals is of major importance for plants. Signalling cascades controlling the expression of chloroplast and nuclear genes have been identified and dissection of the different pathways is advancing. Because of the direction of information flow, photosynthetic redox signals can be defined as a distinct class of retrograde signals in addition to signals from organellar gene expression or pigment biosynthesis. They represent a vital signal of mature chloroplasts that report their present functional state to the nucleus. Here we describe possible problems in the elucidation of redox signalling networks and discuss some aspects of plant cell biology that are important for developing suitable experimental approaches. † Conclusions The photosynthetic function of chloroplasts represents an important sensor that integrates various abiotic changes in the environment into corresponding molecular signals, which, in turn, regulate cellular activities to counterbalance the environmental changes or stresses.
INTRODUCTION
Photosynthesis is the principle energy fixing process that sustains life on earth. It harvests sunlight to drive electron transport from the low-potential electron donor water to the high-potential electron end-acceptor NADP þ . During this reaction, energy (ATP) and reduction (NADPH) equivalents are generated that are used in subsequent steps of carbon dioxide fixation and reduction in the Calvin -Benson cycle, the dark reaction. Here ADP and NADP þ are regenerated to be used again in the light reaction. Thus, the light-driven redox chemistry of the light reactions and the temperature-dependent enzymatic reactions of the dark reaction are tightly coupled. This coupling renders photosynthesis and its efficiency highly dependent on the prevailing environmental conditions. Changes in various abiotic factors such as the intensity and quality of the incident light (directly affecting the light reaction), the temperature and the nutrient and water availability (directly or indirectly affecting the dark reaction) have an immediate impact on photosynthetic efficiency and ultimately on plant yield. Changes in photosynthetic electron transport, however, have an effect on the components involved in it: the balance between reduced and oxidized forms is changed. Photosynthetic organisms including cyanobacteria, algae and higher plants have therefore evolved regulatory responses that acclimate the photosynthetic process to the prevailing environment and optimize photosynthetic electron transport Blankenship, 2002; Walters, 2005) . So far as is currently known, most (if not all) acclimation responses are triggered by those changes in the redox state of photosynthetic components that are the target for the counteracting effect of the acclimation response. By this principle a feedback control is established, in which photosynthesis serves as a sensor that signals distinct changes in the environment and that controls respective acclimation responses (Arnon, 1982) .
Acclimation responses to imbalances in excitation energy distribution between photosystem II (PSII) and photosystem I (PSI) are well studied. Since the two photosystems work electrochemically in series, any illumination situation in which one PS is favoured over the other results in either reduction or oxidation of the intersystem electron transport chain. Such imbalances are counteracted by two different mechanisms: state transitions and adjustment of photosystem stoichiometry. State transitions represent a short-term response that occurs in the order of minutes. It re-distributes excitation energy between the photosystems by variation of their relative antennae cross-sections (Allen and Forsberg, 2001; Haldrup et al., 2001; Wollman, 2001) . This is achieved by lateral movement of parts of the light-harvesting complex of PSII (LHCII). Upon reduction of the plastoquinone (PQ) pool, which carries the electrons from PSII to the cytochrome b 6 f (Cytb 6 f ) complex, a redox-sensitive kinase is activated that specifically phosphorylates the mobile LHCII, resulting in its attachment to PSI, the so-called state II. Under PQ oxidizing conditions the kinase is inactive, LHCII is or becomes dephosphorylated ( presumably by constitutively active phosphatases) and is relocated to PSII (state I). The mediation of the PQ redox signal toward the kinase is not understood yet; however, it involves the action of the PQ oxidation (Q O ) site at the cytb 6 f complex (Vener et al., 1997; Zito et al., 1999) . Recently kinases in the alga Chlamydomonas rheinhardtii (Depege et al., 2003) and the higher plant Arabidopsis thaliana (Bellafiore et al., 2005) were identified that appear to be essential for these processes. They were called Stt7 and STN7, respectively.
Photosystem stoichiometry adjustment is a long-term response (LTR) that requires hours to days. It re-directs the excitation imbalances by changing the relative amounts of the two photosystems (Anderson et al., 1995; Melis et al., 1996; Murakami et al., 1997) . In contrast to state transitions that represent a purely post-translational acclimation mechanism, adjustment in PS stoichiometry depends on targeted changes in the expression of photosynthesis genes both in the chloroplast and the nucleus (Pfannschmidt et al., 1999 (Pfannschmidt et al., , 2001 . Interestingly, this acclimation response is also regulated by the redox state of the PQ pool. Most species investigated so far exhibit opposing expression changes in the reaction-centre genes of PSI and PSII. As a general model, it appears that upon reduction of the PQ pool expression of PSI genes is favoured while upon its oxidation expression of PSII genes is favoured. The molecular details may vary from species to species, but one general picture emerges: the redox state of the PQ pool indicates which photosystem is rate-limiting and initiates appropriate counterbalancing changes in gene expression (Pfannschmidt, 2003) . Recent analyses have demonstrated that this also involves the action of the STN7 kinase (Bonardi et al., 2005) . This points to a functional coupling of state transitions and photosystem stoichiometry adjustment, which has been proposed earlier (Allen and Pfannschmidt, 2000; Rintamaki et al., 2000) .
The two responses described above are just an example of how photosynthesis can control acclimation via redox signals. Both typically occur under low-light conditions, e.g. in dense plant populations where the light intensity is low and the light spectrum is shifted towards the far-red wavelength range. Under different conditions resulting in high or excess excitation pressure other acclimation responses are activated, such as non-photochemical quenching, the D1 repair cycle or various stress-response programmes. These responses are also controlled via redox signals from photosynthesis involving the PQ redox state and signals from the PSI acceptor side, but also involve responses controlled by reactive oxygen species (ROS) such as hydrogen peroxide or singlet oxygen. This review does not aim to give a comprehensive overview on the existing literature and can not describe all redoxregulated mechanisms in detail. The interested reader, therefore, is referred to several excellent reviews focused on these topics (Noctor and Foyer, 1998; Niyogi, 2000; Apel and Hirt, 2004; Mittler et al., 2004; Baier and Dietz, 2005; Fey et al., 2005a; Mullineaux and Rausch, 2005) . Here, we address central questions and experimental problems regarding the investigation of all these mechanisms. We explain typical limitations of various experimental set-ups and describe examples of how to circumvent at least some of these problems.
IDENTIFICATION OF NATURE AND ORIGIN OF PHOTOSYNTHETIC REDOX SIGNALS
For investigation of redox signals that control gene expression three general approaches have been applied using (1) inhibitors of photosynthetic electron transport, (2) diverse light regimes with effects on electron transport, and (3) mutants with genetic defects in the photosynthetic apparatus ( Fig. 1 ; for reviews see Durnford and Falkowski, 1997; Rodermel, 2001; Pfannschmidt, 2003) . Each of these approaches has its specific advantages but also its limitations, which are now briefly presented and discussed. The most commonly used electron transport inhibitors are 3-(3 0 ,4 0 -dichlorophenyl) 1, 1 0 -dimethyl urea (DCMU) and 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB), which exhibit specific affinities to the Q B binding site of the D1 protein of PSII and the plastoquinol oxidizing site at the Cytb 6 f complex, respectively (Trebst, 1980) . Application of DCMU, therefore, blocks the electron transport at PSII and oxidizes all following components of the transport chain, while treatment with DBMIB results in a block at the Cytb 6 f complex that reduces the components before it and oxidizes those following it. An antagonistic effect of these inhibitors on the expression of a gene thus indicates that the redox state of the plastoquinone pool is the decisive determinant (Pfannschmidt et al., 2001) . It is, therefore, desirable to repeat its application during the course of an experiment when working with plants.
When working with photosynthetic organisms that can be cultured in liquid media such as algae or cyanobacteria, however, the inhibitor can be applied into the media, resulting in a permanent supply of the inhibitor (Alfonso et al., 2000; Kovacs et al., 2000) . In Chlamydomonas reinhardtii it has been reported that stable inhibition at the Q O site could be achieved by the plastoquinone analog stigmatellin, while comparable effects with DBMIB could only be observed when the compound was added in light but not in the dark (Finazzi et al., 2001) . The concentrations applied are another crucial point for a successful experiment. Concentrations that completely block the electron transport, in general, should be avoided in gene expression studies since they cause a number of side effects. In addition, applied in high concentrations DBMIB loses its specificity and binds also to the Q B binding site, exacerbating the interpretation of results. Furthermore, a complete block of electron transport destroys the ability of photosynthesis for regulation, since a block prevents dynamic physiological changes of electron flow. Redox signals, however, are generated by perturbation in the redox balance of a compound that requires a permanent flow of electrons, but not by arresting it in a completely reduced or oxidized state. It is, therefore, useful to perform a careful titration of the concentration to be used for the final experiment of interest in order to determine the physiologically relevant range of regulation. In our experience, 30-50 % inhibition of electron flow was found to be sufficient to induce a significant response at the level of gene expression (Pfannschmidt et al., 1999 (Pfannschmidt et al., , 2001 . Since it is difficult to determine the effective concentration within the tissue, the optimal concentration for this effect must be determined experimentally. This can be done by measuring Chl fluorescence before and after application of the inhibitor using a pulse amplitude-modulated fluorometer, which demonstrates the direct effect on the photosynthetic electron flow. It should be noted that -depending on leaf structure (thickness of cuticule and mesophyll) -the necessary concentration may vary between species (T. Pfannschmidt et al, pers. obs.). Many studies have used changes in illumination, either alone or in combination with the inhibitors mentioned above, to induce redox signals. Dark -light shifts, low-light to highlight shifts or shifts between PSI-and PSII-light have commonly been used (reviewed in (Pfannschmidt, 2003) . Each of these treatments induces different physiological responses that should be kept in mind when planning an experimental set-up. A dark -light transition of an etiolated seedling, for instance, will activate strong photomorphogenic effects controlled by photoreceptors, which include the build-up and assembly of the photosynthetic apparatus. Therefore, it is necessary to work with plants containing mature chloroplasts if studying photosynthetic redox signals. Typically, in dark -light illumination regimes plants grown in a defined light -dark cycle are used. With the onset of light, the activation of many light-dependent processes such as the Calvin -Benson cycle can be observed. Application of DCMU to control plants is helpful to distinguish between those processes activated by photoreceptors and those activated by photosynthetic electron flow, since only the latter are affected. Low-light to high-light shifts represent a different scenario, since under these conditions stress-dependent processes become activated. In general, the increase of incident light facilitates the generation of reactive oxygen species (ROS) which, in turn, activates antioxidant and repair processes. It is difficult to reconcile the responsible redox signals in these experiments directly as many different sites are possible for the generation of signals, e.g. reduced electron transport components, ROS and the antioxidant systems. However, considerable progress has been achieved in this field in recent years by using genetic strategies (see below). It should be mentioned that low-light to high-light shifts are strongly affected by the prevailing temperature (Huner et al., 1998; Ensminger et al., 2006) . Low temperatures will decrease the activities of the Calvin -Benson cycle and the regeneration of the final electron acceptor NADP þ , which reduces the photosynthetic electron transport efficiency even under lowlight conditions. Stable and controlled temperature conditions are therefore required in all such experiments. Another important environmental factor in this context is water supply. Plants under water stress close their stomata in order to reduce the loss of water. However, this results in decreased CO 2 -uptake and hence slows down the Calvin -Benson cycle, which in turn affects the electron transport. Sufficient and stable watering is therefore a further requirement in order to study lightinduced redox signals. Shifts between PSI-and PSII-light induce redox signals in the low-light range and are typically not connected to stress responses (Fey et al., 2005b; Piippo et al., 2006) . The signals are generated within the photosynthetic electron transport and activate counterbalancing effects that are aimed to increase the efficiency of light absorption (see Introduction).
The use of photosynthesis mutants represents a third strategy to uncover possible origins of redox signals in the electron transport chain that control gene expression. In such mutants a genetic defect limits or blocks the electron transport at a distinct site, and thus generates reduced conditions before and oxidized conditions after the defect (Yang et al., 2001; Sherameti et al., 2002; Frigerio et al., 2007) . The use of mutants avoids many of the problems mentioned above, such as side effects of inhibitors or the ambiguity of influences by photoreceptors, since the known location of the genetic defect allows for direct conclusions regarding photosynthesis as a signal generator. On the other hand, mutants with strong defects that directly affect the generation of the redox signal (e.g. absence of complexes of the photosynthetic electron transport) are of very limited use to study up-or downregulation of gene expression. The reason for this is that the defect already exists in early development when the photosynthetic apparatus is established. Typically, mutants with a photosynthetic block display a pale-green or even white phenotype and have to be maintained on sugar-containing media (Leister and Schneider, 2003) . Since photosynthesis in these mutants is disturbed in general, the electron transport is locked in a distinct state and the system loses its ability to sense environmental changes, and thus the ability for gene regulation (comparable to high concentrations of electron transport inhibitors; see above). Changes in gene expression observed in comparison with the wild-type actually show how the (remaining) signalling network of the mutant tries to compensate for the genetic defect. Furthermore, supplementing the mutants with sugar may cause cross-talk between carbohydrate and redox signalling (Oswald et al., 2001) . Such mutants, therefore, can be helpful to identify photosynthetic electron transport as the origin for signals regulating genes; however, since they are static with respect to their defect conclusions on the precise site of signal generation and the regulation mode require additional experiments.
Solutions for many of problems described above are inducible experimental set-ups in which signals can be generated at a given time point; this is a general requirement for all studies focussed on regulation. Controlled induction of a redox signal requires either a regulated environmental system or a genetic system that can be controlled physiologically. Examples of environmental systems are light-shift experiments as described above, since they enable redox signals to be induced at a given time. Another experimental possibility is to change the ambient CO 2 concentration, which enhances or represses the Calvin -Benson cycle and thus the electron flow through the photosynthetic transport chain (Wormuth et al., 2006) . An example for an inducible genetic system is represented by the flu (fluorescent) mutant of Arabidopsis. Under continuous illumination the mutant is undistinguishable from wildtype; however, it accumulates free protochlorophyllide (Pchlide) when put into darkness. Upon re-illumination the mutant then produces high amounts of singlet oxygen and can be used to study specifically the responses to this particular ROS (Meskauskiene et al., 2001) . Although the system is not very physiological, it provides a unique approach to test the impact of this particular ROS that is not possible with other systems such as high light since these also produce other ROS.
In summary, each of the strategies described above has its specific advantages or disadvantages. It is therefore highly recommended to combine several of these strategies in order to get as comprehensive a picture of the studied biological problem as possible. (Bruick and Mayfield, 1999; Link, 2003; Pfannschmidt and Liere, 2005; Shiina et al., 2005) . As outlined in the Introduction, the LTR controlling chloroplast genes for photosynthetic core proteins involves the action of the thylakoid membrane kinase STN7 (Bonardi et al., 2005) . This kinase might therefore represent a crucial component for sensing PQ redox signals and transducing them via a ( putative) phosphorylation cascade to the gene expression machinery (Fig. 2) . The model of a phosphorylation cascade is consistent with models that describe the control of plastid transcription by phosphorylation of sigma factors of the RNA polymerase (Tiller and Link, 1993; Link, 1996) . Whether sigma factors are involved in this regulation event or not is as yet unclear; therefore, we propose the existence of a putative redox-responsive factor (RRF, Fig. 2 ) that perceives the PQ redox signal. Another model for redox control of plastid gene expression involves thioredoxin regulation of thiol groups in the protein disulfide isomerase. It controls binding of a RNA-binding complex to the psbA mRNA and subsequent translation initiation (Danon and Mayfield, 1994; Kim and Mayfield, 1997) . Because thioredoxins can move freely through the stroma they provide an easy way of signal transduction. The model has been proposed in Chlamydomonas reinhardtii, but some data suggest that it might also be valid for higher plants (Shen et al., 2001 ).
POSSIBLE TRANSDUCTION OF REDOX SIGNALS

Transduction into the nucleus
Transduction of photosynthetic redox signals that control nuclear gene expression appears to be more complex than that within plastids since such signals have to leave the plastid, pass the cytosol and enter the nucleus. They therefore represent a novel type of retrograde signals (Rodermel, 2001; Beck, 2005; Nott et al., 2006; Bräutigam et al., 2007; Pesaresi et al., 2007) . Two general types of signal-transduction mechanisms have been proposed: in the first the redox signal is sensed by a plastid-internal system and transduced over the envelope, whilst in the second a redox-regulated compound can leave the plastid directly.
Examples for the first scenario have been reported for thylakoid-located PQ molecules and short-lived singlet oxygen. The best candidate for sensing of PQ redox signals at present is the STN7 kinase (see above), but it is not clear whether it is involved in all mechanisms reported to be under PQ redox control. Some observations suggest a potential functional interaction of STN7 with its paralogue kinase STN8; however, further investigations are necessary in order to fully understand these relationships (reviewed in Dietzel et al., 2008) . In addition, a recent array study proposed that under varying light qualities of low intensity the redox state of stromal components ( potentially thioredoxin) may affect the expression of nuclear genes via a still-unknown pathway (Piippo et al., 2006) . Beside the light-quality-dependent lowlight pathway(s) mentioned above, another one has been described in Dunaliella tertiolecta, which represses Lhcb gene expression upon a high-to-low-light shift (Fig. 2) . A current model assumes that a light-intensity-dependent pathway exists that involves the action of cytosolic kinase activities that eventually control the action of Lhcb gene repressors (Escoubas et al., 1995; Durnford and Falkowski, 1997; Chen et al., 2004) . A completely different signalling pathway has been characterized by analysis of the flu mutant mentioned above. It was demonstrated that the response to singlet oxygen can be blocked genetically and that the activation of the activated-stress programme involves plastid-localized proteins called Executer1 and 2 (EX1, EX2; Fig. 2 ; Wagner et al., 2004; Lee et al., 2007) . Their precise function is not known and neither are the further-downstream components of a signalling cascade. However, the singletoxygen-induced response was found to be promoted by ethylene-, salicylic acid-and jasmonic acid-dependent signalling pathways, whilst it was blocked by a jasmonic acid precursor (Danon et al., 2005) .
Hydrogen peroxide is the principle ROS in plants that accumulates under various conditions such as excess excitation energy, drought, chilling and starvation. It activates a different response programme than singlet oxygen and is also more stable. It is therefore assumed that it can freely diffuse across the chloroplast envelope and that it activates a mitogenactivated protein kinase (MAPK) cascade in the cytosol that subsequently affects gene expression in the nucleus ( Fig. 2 ; Kovtun et al., 2000; Vranova et al., 2002; Apel and Hirt, 2004; Mittler et al., 2004) . By this means it represents an example for the second type of signal transduction.
Recent observations have suggested that glutathione may also act as a plastid signal that controls expression of stressdefence genes. Glutathione is an important component of the scavenging machinery that counteracts ROS. In Arabidopsis it has been proposed that the first step of its synthesis [cysteine and glutamate fused to g-glutamylcysteine (g-EC)] is confined to plastids while the second step (g-glutamylcysteine and glycine fused to glutathione) is performed in the cytosol (Wachter et al., 2005; Rausch et al., 2007) . Plastid g-EC must therefore leave the plastid. Since its synthesis is affected by changes in photosynthesis, it can potentially report such changes to the nucleus (Mullineaux and Rausch, 2005) . . Redox signals generated within the electron transport chain (dark green) or by generation of ROS initiate signalling pathways that activate or repress specific target genes in the nucleus (for details see text). Thin black arrows represent electron transport. ROS are generated as by-products of photosynthesis, e.g. by transfer of electrons from PSI or reduced ferredoxin (Fd) to oxygen-generating superoxide (Mehler reaction). This is detoxified by superoxide dismutase (SOD) to hydrogen peroxide (H 2 O 2 ). Hydrogen peroxide can be reduced to water by ascorbate peroxidases using ascorbate as the electron donor, and requiring glutathione (GSH) to restore the electron donor. Unscavenged H 2 O 2 is able to diffuse across the chloroplast envelope and is thought to start MAP kinase cascades in the cytosol. Electrons from PSI are also transferred to thioredoxin (Trx), which can affect LHCII phosphorylation (state transitions) and plastid gene expression and possibly also nuclear gene expression. Glutathione synthesis might be another pathway by which stress signals can directly leave the plastid. Another ROS, singlet oxygen ( 1 O 2 ), is generated at PSII. Because of its short half-life it requires additional signalling components, Executer 1 and 2 (EX1, EX2). The plastoquinone pool is the origin for at least two redox signalling pathways that are active under low or high light and which are targeted to plastid and nuclear gene expression machineries. Perception of the redox signal requires a proposed redox responsive factor (RRF). An important sensor for the PQ redox state represents the thylakoid kinase STN7 (possibly in conjunction with STN8). Present data point to the involvement of a phosphorylation cascade in PQ redox signal transduction. Red arrows, redox signals by components that directly leave the plastid; black arrows, redox signals that are mediated by unknown components. Proteins are indicated by orange.
VELOCITY OF REDOX SIGNALS
The time frames in which acclimation responses occur have been measured at various levels, e.g. by determination of changes in photosystem number, Chl and protein accumulation (Kim et al., 1993; Walters and Horton, 1994, 1995a, b; Pfannschmidt et al., 2001) . However, the speed at which the respective genes respond to the redox signals is less well investigated. To do this requires that a distinct redox signal is induced at a given time and that the changes in gene expression are then followed during the course of the response. Light stress experiments indicated that the nuclear genes Apx1 and Apx2 (encoding cytosolic ascorbate peroxidases) are activated within 15-30 min upon a low-light to high-light shift in Arabidopsis (Karpinski et al., 1997) ; this was found to be part of a systemic response to excess excitation energy (Karpinski et al., 1999) . In another study, kinetic experiments with isolated plastids showed that chloroplast gene expression is affected within 15-30 min after inducing a redox signal by light quality shifts (Pfannschmidt et al., 1999) . First kinetic experiments suggest that the same redox signals induced by light quality are transduced to the nucleus within 30 min, which corresponds to the time frame within the plastids (K. Bräutigam and T. Pfannschmidt, unpubl. res.) . These data suggest that the signal transduction cascades already exist when the signals are generated, and that the signals are processed as fast as other intracellular stimuli. It remains to be clarified as to how the components of the proposed signalling pathways (cf. Fig. 2 ) are integrated into the known parts of the signalling network.
PRIMARY TARGET GENES OF REDOX SIGNALS
The identification of (a) primary target gene(s) of a certain signal helps us to understand which cellular processes are under redox control and provide (a) molecular tool(s) that can be used to analyse the transduction pathway and its components. One possibility is to fuse the target gene or its respective promoter to a reporter gene and to transform plants (typically Arabidopsis) with such a construct. This transgenic line then can be used to analyse the expression of the target gene in space and time in planta: this has led to the discovery of systemic acclimation to excess excitation energy (Karpinski et al., 1999) . In addition, after mutagenesis of such a stable transformed line, the progeny of it can be screened for a lack of a reaction of the reporter occurring to the signal of interest. The defective genes in mutants that are identified can be mapped and provide potential components of the signal transduction pathway, for instance in the case of rimb (redox imbalance) mutants (Heiber et al., 2007) . Here, the promoter of the nuclear 2-Cys peroxiredoxin-A (2CPA) gene was used to search for these mutants. The 2CPA gene was shown earlier to be redox-regulated under light stress conditions. Kinase inhibitor experiments indicated that the signal transduction involves the action of MAP kinases and serine/threonine kinases, in accordance with the stress signal transduction mentioned above. Furthermore the involvement of abscisic acid could be shown (Konig et al., 2002; Baier et al., 2004) .
The identification of real primary target genes is a difficult task. Many recent studies have used array techniques in order to investigate gene expression changes in responses to various redox signals such as hydrogen peroxide, singlet oxygen or redox signals from the photosynthetic electron transport chain. These studies indicate that several hundred genes are responsive to many such signals (Desikan et al., 2001; op den Camp et al., 2003; Davletova et al., 2005; Fey et al., 2005b; Vanderauwera et al., 2005; Piippo et al., 2006) . The major problem in all these studies is to distinguish between genes that are controlled directly by a given signal (a true primary target gene) and genes that are controlled indirectly (the secondary or tertiary target genes), e.g. by the effects resulting from expression changes in primary target genes. The most effective way to identify potential primary targets is to perform a kinetic study in which gene expression changes are determined at different times after application of a defined environmental signal. Such a kinetic should range from short (minutes) to middle (hours) and late (days) stages to cover the complete extent of the physiological response. After a first survey, this time range can be refined according to the results. As a general assumption we propose that those genes that exhibit expression changes first and in a strong manner are the primary target genes of a given signal. Modern array techniques provide the technical possibility to observe the full genome (i.e. from Arabidopsis) in such a study. However, it should be noted that most probably many genes are affected by several parameters at the same time and that primary target genes responsive to only one environmental factor might be rare.
Several bioinformatics approaches can be performed using the data from such a kinetic array analysis. Most useful is analysis of gene expression patterns, which can unravel groups of co-regulated genes (Biehl et al., 2005) . Such genes can have a common input signal for regulation, but do not necessarily need to have one. In any case, each potential target gene of interest should be checked for the reproducibility of its expression pattern by an independent experiment and approach (e.g. Northern analysis) before it is used as a target gene in a reporter-gene approach as mentioned above. However, array techniques provide the possibility to uncover potential expression signatures within a data set that are typical for a given redox signal. This signature can be compared with other array data and can lead to identification of genes that are only regulated under one certain condition. By this means redox-responsive promoters or promoter elements might be also identified.
DIFFERENTIATION AND INTEGRATION OF VARIOUS REDOX SIGNALS
A central question in plant cell biology is how the integration of various environmental signals at the same time is achieved in order to regulate expression of genes for appropriate responses (Bräutigam et al., 2007) . Understanding of this complex task includes several plant-specific but also some general problems of modern molecular cell biology (summarized in Fig. 3 ). Under natural conditions many of the redox signals discussed in this article can occur at the same time or in a fast consecutive manner. The nucleus has to recognize all these different redox signals and, in addition, to distinguish one from another as well as from other environmental signals (mediated for instance by photoreceptors). Such a specific signal recognition and initiation of respective responses requires sophisticated mechanisms and interactions within the signalling networks, which we are just beginning to understand. Furthermore, higher plants possess up to 100 single plastids per cell and not all of them necessarily send the same signals. For example, strong light-quality gradients that affect photosynthesis occur even within a leaf or a single cell, and therefore the redox signals of the plastids may vary depending on their individual localization within the cell (Terashima and Saeki, 1985) . The large number of plastids also introduces another consideration, the so-called gene-copy-number problem (for a review see Bräutigam et al., 2007) . Higher plant plastids contain up to 100 copies of the plastid's own genome, the plastome. Since the photosynthetic apparatus and many other protein complexes in plastids are comprised of a patchwork of plastid and nuclear encoded protein subunits, up to a 10 000-fold excess of plastid over nuclear gene copies for one and the same protein complex has to be co-ordinated in expression. Interestingly, plastids of all known taxa universally encode the central proteins of the photosystems on the plastome, providing the possibility that the plastids themselves serve as the pacemakers in the co-ordination of photosynthesis gene expression within the two genetic compartments (Race et al., 1999) . Redox regulation of chloroplast gene expression has been hypothesized as the evolutionary reason for the maintenance of a plastid genome (Allen, 1993) . It is a challenging task to understand how environmental signals of different intensity and quality -which in addition vary temporarily, spatially and in rate -are integrated into a cellular response that helps the plant to deal with environmental fluctuations and stresses. The cytosolic network of interacting signalling components most likely does most of this job, resulting in a unique combination of transcription factors that activate or repress a combination of genes within the nucleus and plastids (and mitochondria) that is appropriate for the given environmental situation (Fig. 3) . In addition, the data presently available clearly indicate that many other levels of gene expression are also included in signal integration, e.g. post-transcriptional and post-translational events. Only approaches at the level of systems biology will provide enough data that can be used to generate an integrated view of all cellular responses at the same time. However, such studies will only be successful if the basic experimental problems outlined above are solved.
CONCLUSIONS
Photosynthetic redox signals generated in the electron transport chain are connected to many environmental influences either directly via illumination or indirectly via the CalvinBenson cycle. Thus they are able to signal in a very sensible manner the prevailing environmental conditions to the level of gene expression. Interactions with the energy state of the cell, which also fluctuates in response to many environmental conditions, are very likely. Further studies of redox signalling networks that also include mitochondria will unravel these connections (Rhoads and Subbaiah, 2007) . 
